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@ Improved fiber optle pressure sensor systems. 

@ The invention is related to numerous Im- 
provements for fiber optic measuring systems, 
and principally those utilizing a defbrmable 
diaphragm for sensing pressure. One aspect of 
the invention is providing temperature com- 
pensation for diaphragm characteristics. Tenv 
perature measurement can t>e achieved by r 
using a light signal having a wavelength dis- l 
tribution which overiaps the cut-off character- \ 
istics of a filter positioned at the fiber sensing 
end. Shifting in the cuMT characteristic in 
response to temperature nrxxjulates the inten- 
sity of the reflected t>ack temperature compens- 
ation signal. In anotiier approach, temperature 
Is measured through its differential effisct on 
light signals having different launching condi- 
tions. Witii either approach, the temperature 
measurement is used to calibrate the output of 
the pressure sensitive diaphragm. Another feat- 
ure of the invention is particulaily oriented to 
automotive engine combustion chamber press- 
ure measurement Periodic recalibration of the 
system can be achieved by measuring pressure 
at a time when the combustion chamt>er press- 
ure is known to be dose to ambient For tliie 
automotive engine environment, a sensing tip 
shielding technique is also described using a 
sintered metal porous plug, which reduces tem-^ 
perature fluctuations experienced at ttte sens- 
ing tip and shields ttte sensing tip from 
corrosive materials. A technique for compens- 
ation of a fit>er optic pressure sensor is des- 
cribed which does not dlrectiy measure 
temperature. In that metiiod, a referencing 
wfaveiength is partly reflect and partly transmit- 
ted past a fater coating at the sensing end of the 
optical fQament This invention also descrit>es 
techniques for multiplexing a nuniber of press- 
ure sensors and a pressure sensing tip having 



an enclosed volume acting on one side of the 
diaphragm. 
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BACKGROUND AND SUMMARY OF THE 
INVENTION 

TTiis {nvention relates to improvements in fiber 
optic sensor systems, and in particular, to the provi- 
sion of temperature measurement and compensation 
mechanisms, caJibration systems, and additional im- 
provements both fn opefating methodologies and de- 
sign features. 

Optical fiber sensing systems have found appli- 
cations in various environments. For example, the 
measurement of Intravascular blood pressure of hu- 
man patients has been accomplished using equip- 
ment manufactured by the present assignee, Rber- 
Optic Sensor Technologies, Ina (FST) in which a dia- 
phragm at the fiber sensing tip deforms In response 
to pressure differentials, and thus modulates through 
a reflection, a light signal sent through the fiber. 
Changes in the distance between the deformed dia- 
phragm and the optical fiber end. and the diaphragm 
shape, modulate the amplitude of light that is reflect- 
ed back into the optical fiber. Accoixlingly. the inten- 
sity of the returned light signal Is related to pressure 
acting on the sensing tip. 

Applicants have made numerous advancements 
In the technology of fiber optic sensing systems which 
are principally oriented toward pressure measure- 
ment TTie present assignee. FST also owns U.S. pa- 
tents 4.711,246; 4,787,396 and 4.924.870, all related 
to various improvements in fiber optic sensore, and 
which are hereby incorporated by reference. Whie 
the systems in accordance with these prior patents 
provide excellent performance for the intended appli- 
cations, applicants are seeking to enhance the appli- 
catton environments which fiber optic pressure sen- 
sors may be used In. 

One particularly demanding application for a 
pressure sensor is that of sensing within an internal 
combustton engine comtnjstton chamber. There are 
presently numerous sensor approaches toward con- 
ducting such pressure measurement to provide real 
time measurement of combustfon chamber pressure, 
whteh informatton can be used for controlling engine 
operating parameters such as spark timing, air/Tuel 
ratio, exhaust gas redrculatton (EGR). eta to opti- 
mize engine performance. However, such an applica- 
tk>n is an extremely demanding one for a sensor. Ex- 
treme temperatures and temperature ranges would 
be encountered during use. with high accuracy and 
low cost required for such a product Moreover, the 
conrtbustion chamber environment exposes the ser)- 
sor to Intense electromagnetic fields, mechanfoal 
shock, and a corrosive atmosphere. 

In assignees prevfously Issued U. S. Patent, No. 
4,924.870, a technique for compensating a fiber optic 
measuring system was descrit>ed. That system is par- 
ticularly adapted for compensating the pressure 
reading output of the device with respect to differenc- 



es in outputs of the light sources used to Inject light 
pulses into the fiber, fiber-to-fiber variations, andthe 
bending effect (i.e. lo ss of sjgnal re sulting from cur- 
vature of the fiber) . The prew'ously described calibre 

5 tton scheme operates by using a reflective coating at 
the sensing tip end of the fiber which is reflective to 
a calibration light signal which is returned along the 
fiber, whereas the pressure m e asuring light siqnal_fe . 
transmitted through the coating and is modulated by 

10 the pressure responsive diaphragm. That calibratton 
scheme is capable of calibrating the pressure respon- 
sive light signals for an of the principal variables af- 
fecting response along the length of the optical fiber. 
That system is not, however, capable of compensat- 

15 ing for parameters aside from pressure whteh affect 
the pressure measuring light signal beyond the fila- 
ment end. Accordingly, although that " dual wave- 
length" scheme operates extremely weD in environ- 
ments where temperature ranges are low, and where 

20 single uses are contemplated, it has limitations in en- 
vironmente where extreme temperature variations 
and time dependent changes can be anticipated. 

Temperature is the^ primary souroe of Inaccura- 
cieso f high temperature fiber optic pressureiensors 

25 operated on the principal of a flexing diaphragm. Tenv 
perature fluctuations and extremes affect each of the 
four primary areas of these sensore Including, the: 
sensing diaphragm; sensing tip; fiber optic link; and 
the associated opto-electronics and electronics. In 

30 partk:ular, high temperature extremes, such as en- 
countered in automotive engine combustion chanv 
bers at the sensing diaphragn). and somewhat lower 
temperature fluctuations at the sensing tip. are the 
two dominating sources of errors. Large temperature 

35 extrentes change mechanical properties of the dia- 
phragm, mostly Young's modulus, resulting in tem- 
perature dependent deflectk>n. Temperature Induced 
expanston of the elements of the sensing tip change 
the relative positfon of the fiber end and the dia- 
40 phragm, and causes transmisston changes through 
the fiber. 

One feature of this invention Is ** t^w^nigyg few 
temperature compensation in diaphragm - based f ll>- 
er optto pressure sensor s. The technique is designed 

45 to eliminate, or signifi^ntly reduce, undeslrsd tem- 
perature effecte on the deflecting diaphragm, sensor 
tip, optical link, and electronic interface. An underly- 
ing principal of the compensation technique descri- 
bed in this specification is the simuHaneous meas- 

50 urement of diaphragm deflection and sensing tip tenv 
perature, and real time software oorrectjon for the 
tempe rato re effect 
T In accordance with this invention, several meth- 
I ods for temperature measurement are described for 

55 1 enabling temperature compensation. In a first ap- 
proach, a temperature sensing light signal is chosen 
to have a wavelength at near the cut-off wavelength 
(i.e. boundary between high reflecthrity and high 
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transmissfviiy) of a filter coating on the optical f it>er 
end at the sensing tip. Since the cut-off wavelength 
of a multilayer dielectic film fitter changes in accor- 
dance with temperature, the intensity of a reflected 
back signal fbr a temperature compensating light sig- 5 
nal can t>e used as a measure of temperature. The 
wavelength can also overlap a region of a sharp peak 
in transmisshnty which is often found in such filter 
coatings. Since the wavelength of such a peak will 
shift In response to temperature it also provides a con- 10 
venient opportunity for temperature measurement 

In another technique for temperature oompensa- 
tbn according to this invantktn, two light signals are 
injected Into the optical fiber having different launch- 
ing conditions. It has been found that certain trans- is 
mission modes are affected by temperature in a dif- 
ferential manner for applicants* sensor systems. For 
example, a launching condition In which the injected 
light intensity is concentrated nriostly along the outer 
surface of the fiber is attenuated in response to high- 20 
er temperatures more so than a mode whfeh Is con- 
centrated at the center of the fiber, whteh is only 
weakly coupled to the fiber outer surface. 

Another facet of this invention is a technique for 
reducing the distortion effect of temperature variation 2S 
and other factors beyond the optical filament end 
which does not require actually measuring tempera- 
ture. This technique Is used with dual wavelength 
systems as described In assignees U. S. Patent Ho. 
4,924,870 and involves allowing a calibration light sig- so 
nal to be partially transm itted an d partially rafj ^^ 
by the filament end filter coating . This approach can 
be shown to reduce the span of errors which are not 
directly compensated for through the dual wave- 
length system. 35 

In addltton to the temperature effects mentioned 
previously, applicattons In which the same sensor is 
expected to provide measurements over a period of 
time ghres rise to concern over time dependent 
changes In the sensing tip. For example, the reflec- 40 
th/ity of the deformable diaphragm caused by oxkia- 
tion or other effects can dramatically alter the Inten- 
sity of the returned light signal, and hence, affect 
measurennenL In accordance with this Inventton, a 
calibration scheme based on zero-setting the system 4S 
when it is exposed to a known pressure Is provkJed 
which is specifically oriented to an automotive appln 
cation. 

This specificatkm further describes a tempera- 
ture shielding feature for fiber optic pressure sensor so 
tips exposed to high temperatures, such as those 
found in internal combustton engines. By reducing 
the range of temperatures to which the sensor tip Is ' 
exposed, some of the temperature dependent effects 
can be reduced. ss 

in appllcattons where multiple pressure sensors 
are used, this invention further contemplates techni- 
ques for multiplexing a number of identical sensors 



performing simultaneous pressure measurement 

Additional benefits and advantages of the pres- 
ent invention W01 become apparent to those skilled In 
the art to which this inventton relates from the sub- 
sequent description of the preferred embodiments 
and the appended claims, taken In conjunction with 
the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a block diagram of a pressure sensing 
system in accordance with a first embodiment of this 
invention. 

Figure 2a is a wavelength versus transmission 
spectrum showing three different wavelength sourc- 
es and the transmlsshin characteristic of a optical fi- 
lament filter coating used to provide temperature 
compensation In accordance with an embodiment of 
this Invention. 

Figure 2b is a wavelength versus transmission 
spectrum showing three different wavelength sourc- 
es like that shown in Figure 2a but showing a peaked 
transmission response of the filter coating overlap- 
ping one source for temperature sensitivity. 

Figure 3 is a wavelength versus transmission 
spectrum showing a method for temperature com- 
pensation based on differential temperature modula- 
tion of light signals based on their launching condi- 
tions. 

Figure 4 is a pictorial view showing a light source 
providing a launching condition for an inputted light 
which produces maximum intensity near the f lt>er out- 
er surfaces. 

Figure 5 Is a pictorial view showing a light source 
provMIng a launching condition .for an Inputted light 
which produces maximum Intensity near the fiber 
center. 

Figure 6 Is a cross sectfonal view of a sensing tip 
of this invention defining a closed gas volume acting 
on one stele of the sensing diaphragm. 

Figure 7 is a pictorial view of a fiber optic pressure 
sensing tip with cable and optical connector In accor- 
dance with this inventfon which provides a means for 
shielding the deformable pressure sensing element 
of the sensing tip. 

Figure 8 Is a wavelength versus transmisston dis- 
tritnjtion for a system according to an eml>odiment of 
this invention for reducing calibration error by allow- 
ing a portion of the reference light signal to leak past 
the fiber end coating in which the transmission curve 
has an elevated minimum transmission characteris- 
tic. 

Figure 9 is a wavelength vereus transmission dis- 
tributton for a system similar to that of Figure 7 except 
that the filter cut-off wavelength partly overlaps the 
reference light source spectrum. 

Figure 10 Is a curve showing a reduction In error 
attributable to operatfon In accordance with Figures 7 
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or 8. 

Figure 11 is a schematic drawing of a multiplexing 
system in which a common photodetector Is used to 
monitor the output from plural sensors. 

Figure 12 shows an optical shutter system used 5 
in conjunction with the system of Figure 11 using op- 
toe lectric shutters. 

Figure 13 shows an optical modulation system 
used in conjunction with the system of Figure 11 us- 
ing piezoelectric microbend attenuators. io 

Rgure 14 b a schematic drawing of multiplexing 
system In which a common set of tight sources is used 
with designated photodetectors for each sensor. 

DETAILED DESCRIPTION OF THE INVENTION IS 

This specrftcatlon is directed to a numt>er of im- 
provements for fiber optic sensing systems. For the 
sake of darity, the various categories of aspects of 
this invention are discussed In separate sections 20 
identified by descriptive headings. Some of the vari- 
ous embodiments, however, share common elements 
which are identified by lilce reference numbers. 



Temperature Measurement and Compensation 



25 



A generalized fiber optic pressure sensing sys- 
tem is shown in Figure 1 and Is generally designated 
there by reference number 10. System 10 includes 
fiber optic cable 12 which has a sensing tip 14 at Us 30 
terminal end. Optical fSament 11 passes through fer- 
rule 13 to which it is bonded or Interference fit Cylin- 
der 15 surrounds ferrule 13. Deflectable diaphragm 
cap 16 has a center membrane portion which de- 
forms in response to pressure differentials across It, 3S 
and thus changes the amplitude of light launched Into 
optical filament 11 at the opposite end of the filament 
which is returned t»ack Into the filament A vent pas- 
sage 19 is provided to maintain the fiber side of the 
diaphragm cap 16 ata desired pressure. Apartially re- 40 
flecUve dielectric fBter 17, comprised of numerous 
layere of dielectric material, for example titanium d^ 
oxide and silicon dioxide, is depostted on the end of 
filanient 11 which provides a dual wavelength refer- 
encing feature such as described in applicant's previ- 45 
ousfy issued U.S. patent 4.924,870. 

A tempenrture compensating system using optt- 
cal means of temperature measurement according to 
an embodiment of this invention is shown in Figure 1. 
The system 10 consists of an opto-electronic inter- so 
face 18 containing three LEDs 20, 22 and 24. each 
emitting light in distinct wavelength bands; photode- , 
tectors 26 and 28; and a coupler (not shown) for 
launching tight firom the LEDs Into optical f Oament 11 , 
and directing the returned signals to be Incident on ss 
the photodetectors. Some of the light from the LED's 
is directed to fall on photodetector 26 which provides 
a source intensity reference. Three output signals 



from the opto-electronic interface 18 are converted 
into a digital form by A to D converter 28 and trans- 
mitted to digital signal processing (DSP) module 34. 
These three signals are related to the Intensity of the 
returned signals of the three LEDs. The outputs of 
module 30 are pressure and temperature readings. 

The DSP module 34 and associated host micro-^ 
processor oontrol the operation of LEDs 20, 22 and 
24. and perform real time computations and conver- 
sions. A computetio nalgorlthm is used to deconvolve^ 
temperature effects from the procure output and ' 
derived firom the fundamental relationships between 
diaphragm deflection, pressure, and temperature. 
^ Experimentally derivedj correction fact ors may be 
I also used as inputs to the compensation algorithni.^ 
The deflection of the diaphragm cap 16 is meas- 
ured using the dual wavelength technique described 
in U.S. Patent No. 4.924,870 In which the light signal 
from LED 20 is reflected by filter layer f7, wherea s 
tne llghfpulse from UED 24 passes through the filter 
fe be modjjjated^by diaphragm cajM^^ The use of t he - 
referencing wave length from ilED 2Q In this approach 
permits c ompens ation for environmental effect on 
the ^ysSifn suC h" asl>dbrat^^^^ 
bending6Ffe^s,jlnd^QQ!l.e of the sensing tip sefisgy- 
itiesT ' ^ 

"Fiberoptic temperature measurement of the sen- 
sor tip 14 Is performed in a novel way according to 
this invention and does not require any modifications 
to the sensor designed for dual wavelength operation 
but instead only requires modifications to Interface 
18. This is an important consideration for price sen- 
sitive applications, such as In automobDes, where the 
price of replaceable elements has to be very low. In 
essence, temperature is measured by monitoring the 
Intensity of the third wavelength produced by LED 22 
, returned Into the fiber at sensing tip 14. and time di- 
vision multiplexed the signal from photodetector 28 
with the other two wavelengths. This temperature 
sensitive wavelength Is selected such that the corre- 
sponding signal is most sensitive to temperature 
chartges at the sensor tip 14. One location for the wa- 
velength is t>etween the other two wavelength bands 
produced by LEDs 20 and 24. and overlapping with 
the cut-off wavelength of filter 17. 

In Figure 2a, the output spectra of L£Ds 20. 22 
and 24 are shown as curves 36. 38 and 40. and can 
be designated as the reference, temperature and 
pressure sensitive wavelengths, respecthrely. Under 
varying temperature, the cut-off slope of filter 17, 
designated by curve 42, moves around its nominal 
position at a temperature T2. As temperature increas- 
es to Ti the cut-off slope moves towards shorter wa- 
velengths, Increasing the intensity of the transmitted 
temperature sensing wavelength (lambda^. If the 
coating parametera are correctly selected, the fa^ns- 
mission levels of the reference wavelength light 
Qambdar) and the pressure sensitive wavelength light 
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(lambdap) change very little. 

The cut-off slope of the transmission curve Is not 
the only temperature sensitive range of the curve. A 
region of the curve exhibiting the side-lobe behavior, 
as shown in Rgure 2b designated by reference nunv s 
ber 43. exhibits possibly even higher temperature 
sensitivity because it is typically narrow than the line< 
width of LED 20 and it shifts by the same amount that 
the cut-off slope does. By overlapping the tempera- 
ture nneasuring wavelength 36 on the side-lobe 43. an io 
alternath^e temperature measuring technique is pos- 
sible, as shown schematically in Figure 2b. 

The temperature dependent changes in tambdat 
are obtained by taking a ratio of the signals at lambdap 
and lambdat where: f 5 

v(l) »Vt(p.t)A^p(p) 

and 

Vt(P.t) = V.(t) • Vt(p) 
Vp (p.t) Is the intensity of lambdap, and Vt (p.t) of lamt>- 
da|. Note that Vt is modulated by both pressure and 20 
temperature, however the ratio Vt depends only on 
temperature. In operation, the LEDs 20, 22 and 24 
would be fired sequentially with the output of photo- 
detector 28 gated to ensure output synchronb»tlon. 

Several issues have to be addressed to ensure 25 
the practicality of the above described techniques. 
For typical LEDs, such as those outputting light In the 
following wavelength bands with maximum wave- 
lengths at; 730 nm, 840 nm, and 950 nm, their line 
widths may have to be restricted by band-pass f iltera zo 
(not shown). The puipose of such filters is to reduce 
the spectral overlap of the LEDs and consequently 
Improve the accuracy of the temperature measure- 
ment 

Temperature sensing Is also possible within a flat ss 
portion of the transmission curve as shown in Figure 
3. A necessary condition is that the temperature 
sensing wavelength is differently affected by temper- 
ature than the referencing wavelength. A novel tech- 
nique, and an alternative to the technique described 40 
above, is to differentiate the temperature effect be- 
tween the referencing and temperature sensing wa- 
velengths through the differentiating of the launching 
conditions t)etween the two wavelengths. This can t>e 
accomplished In a simple manner in optoelectronic in- 4S 
terface 18 by restricting the numerical aperture of the 
pressiffo and reference sensing LEDs (underfilling 
* the launch) or overfilling the modes for the nteasuring 
o wavelengths. For short fibers, such as of interest 

here, the launching condition at interface 18 is very bo 
well preserved all the way to sensing tip 14 and back 
to the interfiace such that the two wavelengths have 
different modal distributions. This inventor has found 
that the light signals are differentially affected by tenv 
perature. For the temperature changes of the order of 55 
hundreds of degrees Centigrade, relatively small dif- 
ferences In launching condition result In significantly 
different temperature sensitivities. As an alternative 



embodinrient two LEDs having identical wavelength 
outputs could be used if they are launched signifj- 
cantiy differently Into the fiber. 

A different launch condition may result in princi- 
ple, in somewhat different sensitivity to filament 
bending, and fiber or connector instabilities. How- 
ever, temperature effects at sensing tip 14 are so 
targe that the launching mismatch needed for temper- 
ature measurement does not significantly affect sen- 
sitivities to other environmental effects. 

Figures 4 and 5 provide simplified HlustraUons of 
techniques for providing different launching condi- 
tions for two signals which are differentially affected 
by temperature. In Figure 4. LED 44 is shown project- 
ing light through aperture 46 and into fiber optic f Ha- 
ment 11. Aperture 46 has the property that it blocks 
light from entering at near the center longitudinal axis 
of filament 11 and, therefore, produces a maximum 
intensity distribution which Is near the radially outer 
surfece of the filament As mentioned prevk>usly, this 
launching condition is well preserved along filament 
11 and. therefore, an intensity distribution of light 
through any cross-section of the filament will reveal 
peak intensities near the outer surface of the fila- 
ment Rgure 5 is similar to Figure 4, except showing 
aperture 48 which produces a maximum intensity 
afeng the central longitudinal axis of filament 11. In 
that launching condition, a maximum light Intensity 
distribution will be found around the center core area 
of the filament While various explanatkins for a dif- 
ferential temperature effect between the launching 
condition providing by Rgure 4 vereus Figure 5 can be 
provided, one theory is the mechanical stresses gen- 
erated along the outer surfaces of filament 11 cause 
distortton in the outer surfece of .the f Oament espe- 
cially In the area of contect with ferrule 13, leading to 
greater leakage of the off-axis launched light of Fig- 
ure 4, as contpared with the on-axis light of Figure 5. 
wfiere such surfece phenomena have a relath^ely 
small effect 

The effectWeness of the temperature compensa- 
tk)n described in this invention depends on the ability 
of accurately relating the signals Vp and Vt. in princi- 
pal, these signals are coupled through three effects: 
the fundamental thermo-mechanical properties of 
the diaphragm cap 16 material, the temperature ex- 
pansion of the elements of sensing tip 14. and the 
pressure and temperature dependent transmission 
changes of the optical signals. A temperature com- 
pensated pressure reading is obtained t»y what is 
equhralent to a real tinrte inversion of the functional 
dependence between the changes In optical signal 
and diaphragm deflection, which in turn depends on 
both temperature and pressure as follows: 

Vout(P) = F-1{vJVd(p,t),tD 

This inverston is realized through the use of a two^i- 
mensional look-up table or curve fitting techniques. In 
practice, it is very difficult to predict exactly the funo- 



5 




EP 0 528 657 A2 



10 



tional behavior of V|. Instead, Vt dependence on pres- 
sure and temperature ts stored in the menxMry of the 
system during a calibration process when sensing tip 
14 is subjected to full operational temperature and 
pressure ranges. s 

A particular look-up or curve fitting technique is 
impfmented based on two primary factors: the de- 
^ greeoftheaocuracyofthe theoretical n)odel, and the 
^ accuracy of the deflection and temperature readings. 

In an ideal situation, the correction factors are iden- io 
' tical for all sensors and identical correction parame- 
) ters are stored in the menrKxyofthe system based on 
an unique inversion relationship. In practice, how- 
ever, some kind of IndrvMual sensor calibration needs 
to t>e instituted because of t he nnanufacturing variabU- 15 
ity. A two (or mora) point calibration technkjue could 
be implemented. 

Periodic Pressure Calibration 

20 

Time dependent changes In the optical system of 
sensor 10 can be expected to occur resulting for ex- 
ample, from reflecUvity changes of diaphragm cap 16, 
and changes in the transmlssnn of the optical fila- 
ment 11. To correct fbr these effects, a zero-offset 25 
technique can be nnplemented. In the application of 
measuring pressure within an automotive engine 
combustton chamber, "re-zeroing" of the sensor pres- 
sure output can be provided during the engine shut- 
off periods when the combustion chamber pressure 30 
Is equal to the atnxtspheric pressure. Because com- 
bustion pressure does not instantaneously reach at- 
iruispheric pressure after the engine shuts down, al- 
ternative verificatbn of the pressure equilibrium Is 
needed. One way of doing so is to wait a certain 35 
amount of time after engine shut down. The neces- 
sary delay can be easily determined and stored elec- 
tronically. In an automoble, this re-zeroing can also 
be performed during the regular engine status check 
preceding engine ignition. 4o 

Sealed Cavity Design 

Due to prolonged use and high temperature in 
some applteations such as combustion chamber 45 
pressure nrwnltoring. the reflecting diaphragm 16, the 
optical coating 17, and the bonding material used 
may deteriorate overtime. Periodic calibration descri- 
bed above wHI be effective If the resulting changes In 
optical signals are smaller than required by the dy- so 
namic range of the system. To minimize these 
changes, a technique of sealing of the area between * 
the fiber 11 end face and diaphragm 16 Is described 
here. As shown In Figure 6. the area behind dia- 
phragm 16 Is not vented to atmospheric pressure. If 55 
a gas is used to f 01 this space, temperature dependent 
k>ack pressure changes will result However, this tenv 
perature effect Is well behaved and wHI be compen- 



sated for by the temperature compensation technique 
described In this spectfication. An inert gas, such as 
for example argon, would be used eliminating any re- 
sidues of oxygen and water vapor that are the main 
causes of potential optical changes Inside the sensor. 
The sealed gas will exert pressure on diagram cap 16 
as dictated by the Ideal Gas Law. The changes in this 
pressure would be a component of a lumped correo- 
tion parameter. 

As a modification to the above approach of pn>- 
vkling a sealed cavity t>ehlnd diaphragm 16. a vent 
passage 30 as shown in Rgure 1 oould be used to en- 
large the sealed volume. In such a configuration, vent 
passage 30 would t>e plugged along fiber optic cable 
12 along its length or at Interfiace 18. The advantage 
of such a configuration Is that for some applications, 
such as combustton chamber pressure measure- 
ment, the average temperature of the sealed gas 
would be closer to ambient temperature, thus reduc- 
ing the pressure change acting on diagram 16 dictat- 
ed by the Ideal Gas Law, and further reducing the 
rate of temperature change of the trapped gas. 

Sensing Tip ShteMIng 

Another critical issue for lorfg term accuracy and 
reliability of a fiber optic sensor system Is the mech- 
anical stability and durability of the material of dia- 
phragm cap 16. Iri an automotive application, a dia- 
phragm directly exposed to the combustion chamber 
may be subjected to temperature between -50 de- 
grees C and 550 degrees C. This represents a formid- 
able environment for the most temperature resilient 
metals. 

As a part of this Invention, a technique for tenrv 
perature shielding of the diaphragm Is described with 
specific reference to Figure 7. In Rgure 7 fiber optk: 
cable 12 Is shown specifically adapted for Incorpora- 
tton into an automotive internal combustton engine 
for measuring combustion chamber pressure. Fiber 
optic cable 12 is shown housed within nnounting plug 
52, which is threaded to be recehred In an associated 
port exposed to the combustion chamber. As an alter- 
native design, cable 12 oould be incorporated into an 
ignition spark plug. Mounting plug 52 has an internal 
cavity for supporting fiber optic cable 1Z The oppo- 
site end of the cable 1 2 has an optteal connector 54. 
A shield 56 is provided, positioned between sensing 
tip 14 and the combustton chamber. Shield 56 is 
made from sintered material such as that frequently 
employed In pressure lines. Such a material Is made 
of pressed metal bMs (can be stainless steel or brass) 
which form a porous structure of very high heat mass 
capable of rapid temperature increases. Shield 56 is 
in the form of a disk, a few millimeter thtek, thermally 
coupled to nnounting plug 52 and reduces tempera- 
hire extremes by hundreds of degrees. Furthermore, 
this material does not reduce the frequency response 
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Of the sensor. By selecting the size and material of 
the bids, disk 56 may additionally attenuate high fre- 
quency jitter on the pressure wavefbrnr^s as may re- 
sult from the presence of the cavity above the sensor 
diaphragm. An additional benefit of placing shield 56 s 
in front of sensing tip 14 is protection of diaphragm 
cap 16 against formation of deposits on its surface. 
Such deposits may alter the diaphragm's dynamic 
characteristics over prolonged operation and result In 
sensor Inaccuracies. to 

Sensing Tip Compensation 

The dual wavelength technique according to U. 
S. Patent No. 4,924,870 and discussed previously for is 
fiber optic pressure sensors permite compensation 
for environnriental effects on the sensor including fib- 
er bending, connector mechanical and thermal in- 
stabilities, and temperature induced changes in fiber 
transmission. However, temperature effects, and any 20 
other effects, occurring between the sensor dia- 
phragm and the coated surface of optic filament 11 
affect only the measuring wavelength and may result 
in sensor tip sensitivity and drift This error may be 
relatively small If t he temperature effect on transmis- 25 
sion beyond f flter coating 1 7 is small even if the sen- 
sltlvHy for the signals reflected by the coating is large 
(because this sensitivity is the same for the two wa- 
velengths provided that their launching conditions 
are Identical). Yet. if the temperature sensithfity be- 30 
yond coatHig 17 is significant, as frequently encoun- 
tered due to manufacturing variabilities, the error may 
be significant 

This aspect of the Invention relates to an im- 
provement to the dual wavelength technique that re- 35 
suits In significant reduction in the differential effect 
at the tip and overall reduction in sensor error. This 
benefit is achieved without a direct measurement of 
sensing t^ 14 temperature, as is conducted in accor- 
dance with the prior embodiments. 40 

The basic principal of this embodiment of the in- 
vention is allowing the reference wavelength light sig- 
nal to partially leak through coating 17 and benefit 
from the resulting larger reduction In the differential 
effect at sensing tip 14 compared to the reduction in 45 
the fuD scale pressure change (span). Referring to 
Figure 8, the transmission curve of coating 17 Is 
* modified compared to the original profile shown In 
Figures 2 and 3 such that the refsrence signal is par- 
tially transmitted. Two approaches are depicted by so 
the figures for aflowing the reference light signal to be 
partially transmitted. In Figure 8, the nx>dif led trans- 
mission curve 58 of fUter 17 is shown in which the 
transniissanca of the fOter does not reach zero within 
the range of wavelengths of Interest As shown in Fig- ss 
ure 8, a large proportion of the total energy of the ref- 
erence wavelength is transmitted past filter coating 
17. In Rgure 9, partial leakage of the reference wa- 



velength light signal is achieved by partially overlap- 
ping the cut-off range of f flter 17 with the reference 
wavelength signal, using a f iter with the characteris- 
tics of curve 60. Care has to be exercised in selecting 
an optical source such that launching condition is es- 
sentially the same for both the reference and pres- 
sure sensing wavelengths. Low bend sensitivity can 
be used as a test of good launch overlap. 

The benefit of leaking a portion of the reference 
wavelength light signal stems from the dependence 
of the ratk) of tip sensfthfity and span. The Intensity of 
the two signals can t>e expressed as: 
V, = I,F,(R, + T,2D) 

Where I, is the Intensify of the signals, F| is the 
transmission factor representing the lumped trans- 
misston coefficient of filament 11 up to the fiber end, 
R, and Ti are the reflectk>n and transmission coeffK 
ciente, respectively, of the coating, and D is the pres- 
sure dependent reflectton coeffk^ient of the dia- 
phragm. The voltege output of the sensor is propor- 
tional to the ratio of the signals of the prevtous equa- 
tk)n. 

Vp = V„/Vr = (Rm + T„2D)/(Rr + T2D) 
For small changes, the difference between the tem- 
perature Induced effecte on the reference and pres- 
sure sensing wavelengths can be expressed as: 
W = dl„/U - dir/lr * (r + 2T™tD)/<R„ + 
T„,2D) - (r + 2TrtD)/(Rr + Tr^D) 
where r = dR' / dt, t = dl| / dt 

The span of the sensor can be expressed, fai a 
small change approximation, as 
S = T„2/(R„ + T«2D) - T«2/(R^ + T„2D) 
The expression for total error as a fraction of span 
is expressed as: 

Error = W/S 
The dependence of the error term on the trans- 
mission coefficient Tr is schematicaliy shown in Fig- 
ure 10 together with the dependencies of the span 
and tip sensitivity. Relative unite are used in showing 
these relatmnships. Figure 10 aiustrates that increas- 
es in transmission, coefficient resulte in lower error. 

Sensor Multiplexing 

Finally, this disclosure describes techniques of 
multiplexing a number of Mentk»l sensora 14a 
through d that can perform simulteneous pressure 
measuremente. Such measuremente are needed for 
automotive engine controls based on combustion 
pressure measured In indivUual engine cylinders. 
Two schemes are described here: a first that utHEzes 
a single measuring photo detector as shown in Figure 
11, and a second based on multiple of measuring de- 
tectors, shown in Figure 14. 

The multiplexing scheme shown in F^ure 11 Is a 
combination of three technkiues: wavelength, time, 
and frequency multiplexing. Wavelength and time di- 
vision multiplexing are used as previously described, 
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for compensating for temperature and environmental 
effects acting on an Individual sensor. Frequency 
multiplexing Is employed to multiplex different sen- 
sors siiown as 14a through d without increasing the 
complexity and cost of the opto-electronic interface 5 
1 8. This modulation b realized by using electronically 
driven shuttere integrated within an inline connector 
64 which are operated by controller 74. 

Various modulation techniques could be used. 
One approach, as depicted In Figure 12, is based on io 
four piezoelectrically driven shutters 66a through d ir>- 
troduced between the ends of interconnecting fibera 
11a through d. This technique requires the use of an 
expanded beam connector between the fibers 11a 
through d and mbdng rod 70 to minimize transmission is 
losses resulting from separation of the fibers. Alter- 
natively, as shown in Figure 13, piezoelectric squeez- 
er shutters 68a through d apply pressure alongside 
the fiber. If the squeezer 68 has a tooth-lilce shape, 
intensity nKxJulation can be Induced through the mV- 20 
crobendlng effect It is further contemplated that liq- 
uid crystal shutters could be employed. This ap- 
proach eliminates the use of mechanical devices and 
ensures long time reliability. 

The shuttere 66 or 68 can operate In two alterna- 25 
tive modes. One mode requires that all four shuttere 
continuously dose and open, each at different fre- 
quency. The signals of different frequencies are sepa- 
rated then using phase sensitive detection. Such a 
detection technique offers additional benefits of im- 30 
proved signal-to-noise ratio. 

An alternative approach requires opening and 
dosing the shuttere 66 or 68 sequentially. Eachofthe 
sensore 14a through d is interrogated at a different 
time in essentially the same manner as In the case of 35 
an individual sensor. 

Each of the four channels comprises fibere 11a 
through d carry the three time division multiplexed 
signals corresponding to the three wavelengths 36, 
38 and 40. These signals are processed by the DSP 40 
module 34 to extract the pressure and temperature in- 
formation for each sensor 14a through d. Four pres- 
sure outputs from DSP rrK>dule 34 are transmitted 
then in an appropriate format to an Electronic Control 
Module (ECM) of an automobie. 45 

The second approach, being the subject of this 
disclosure is schematically depicted in Rgure 14. A 
time dh^ion multiplexed multiple detector design is 
used. Each of the three LCDs 20, 22 and 24 is con- 
nected, via a fiber lens interface 72, to each of the so 
four sensing fibere 11a through d. The return signal 
firom each of the fibera 11a through d is detected by - 
individual measuring detectors 28a through d, provid- 
ed for each sensor 14a through d. The signals of the 
four detectore 28a through d are processed Indepeiv 55 
dently, synchronized to the emitting LEDs 20. 22 and 
24 the same way it is done for a single channel sensor 
described herein. 



While the above description constitutes the pre- 
ferred embodiments of the present invention. It wPl t>e 
appreciated that the invention is susceptible of mod- 
ification, variation and change without departing from 
the proper scope and fair meaning of the acoompa- 
nying daints. 



Claims 

1. Af iber optic pressure sensor system comprising: 

an optical fiber having a sensing tip at a 
first end with a pressure sensitive element said 
pressure sensitive element modulating a pres- 
sure sensing light signal injected into the oppo- 
site second end of said optical fiber and returning 
said light signal into said fiber. 

temperature sensing means for providing 
a signal related to the temperature which said 
pressure sensing element Is exposed to during 
measurement 

optical means for injecting said pressure 
sensing llghtslgnal into said fibersecond end and 
for receiving said returned llghtslgnal, and 

signal processing means for calibratlri g 
said light pressure sensing signal modulated by 
said pressure sensitive element in response to 
said signal related to temperature t hereby ena- 
bling accurate measurement of pressure through 
the range of temperatures. 

2. Af iberoptic pressure sensorsystem according to 
Claim 1 wherein said sensing tip comprises a fil- 
ter positioned between at said fiber Trst end and 
said pressure sensitive element and having a 
steep transition transmisslvity characteristic in a 
transition wraveiength region and means for gen- 
erating a temperature sensing llghtslgnal of a wa- 
velength wherein transmisslvity of said filter Is af- 
fected by temperature and wherein said signal 
processing means measures the intensity of said 
temperature sensing light sigrial thereby provid- 
ing a measure of said temperature. 

3. Af Iber optic pressure sensor system according to 
Claim 2 wherein said pressure sensing light sig- 
nal passes titrough said fSterand Is nxxlulated by 
said pressure sensitlye element 

4. Aflt>er optic pressure sensor system according to 
Claim 1 wherein said optical means launches a 
first and a second light signal into said optical fit>- 
er which travel through said fiber and are re- 
turned to said optical means wherein the launch- 
ing condition of said first and second light signals 
are different wherein said light signals are differ- 
entially affected by said temperature. 
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5. Af iber optic pressure sensor system according to 
claim 3 further comprising means for generating 
a reference light signal which Is fully reflected by 
said filter and Is implemented by said signal proc- 
essing means for calibrating said pressure sens- s 
ing light signal. 

6. Af iber optic pressure sensor system according to 
Qaim 5 wherein said reference light signal has a 
first maxinnum wavelength, said temperature io 
sensing light signal has a second maximum wa- 
velength greater than said first wavelength, and 
said pressure sensing light signal has a third 
maximum wavelength greater than said second 
wavelength. ts 

7. Af iber optic pressure sensor system according to 
Claim 2 wherein said f ater comprises alternathre 
layers of dielectric arterial deposited onto said 
fiber first end. 20 

8. Af ibre optic pressure sensor system according to 
daim 2 or 7. wherein said transition wavelength 
region defines a cut-off filter exhibiting low trans- 
mission in wavelengths below said region and 2S 
high transmission in wavelengths above said ib- 
glon. 

9. Af ibre optic pressure sensor system according to 
daim 2, 7 or 8, wherein said transition wave- 30 
length region defines a band pass f ater exhibiting 

low transmission in wavelengths below or above 
said region. 

10. Aflberoptic pressure sensor system, comprising: as 

an optical fiber having a sensing tip at a 
first end with a pressure sensitive diaphragm 
positioned beyond said first end which modulates 
the energy of a pressure sensing light signal in- 
jected into the opposite second end of said fiber 40 
which is rsflected bade into said fiber first end. 

optical means for generating said pres- 
sure sensing light signal and for generating a ftet 
and second temperature sensing signal, said 
temperature sensing signals being differentiated 45 
by their launching conditions and being differen- 
tiaOy affected by temperature at said sensing tip. 
said optical means further receMng said light sig- 
nals returned into said fiber, and 

signal processing means for calibrating so 
said pressure sensing light signal modulated by 
said pressure sensitive element in response to 
said signal related to temperature thereby ena- 
bling accurate measurement of pressure through 
the range of temperatures. ss 

11. Afibre optic pressure sensor system according to 
daim 4 or 10. or any preceding daim appendant 



thereto, wherein said first light signal launching 
condition causes said first light signal intensity to 
be concentrated at near the central longitudinal 
axis of said optical fibre, with said second light 
signal launching condition causing said second 
light signal intensity to be concentrated at near 
the outer surface of said optical fibre. 

1Z Afibre optic pressure sensor system according to 
daim 11. wherein said sensing tip indudes a fer- 
rule intimately engaging the other surface of said 
optical filament, thereby gh^lng rise to thermally 
induced stresses along said outersurface provid- 
ing said diffierential effect 

1 3. Afibre optic pressure sensorsystem according to 
claim 4 or 10, or any preceding claim appendant 
thereto, wherein said fibre and second light sig- 
nals are within a common wavelength band. 

14. A fibre optic pressure sensor system cording to 
daim 2, 0 or 10. or any preceding daim appen- 
dant thereto, wherein said signal processing 
means Indudes stored data relating temperature 
to the temperature related characteristics of said 
pressure sensing tip. 

1 5. A f lt>er optic pressure sensor system comprising: 

an optical fiber having a sensing tip at a 
first end with a pressure sensitive element, said 
pressure sensitive element modulating a pres- 
sure sensing light signal injected into the oppo- 
site second end of said optical fiber. 

optical means for generating said pres- 
sure sensing light signal and a reference light sig- 
nal having a maximum wavelength different than 
that of said pressure sensing light signal. 

filter means at said f iberf irst end for allow- 
ing transmission of said pressure sensing light 
signal and reflecting a portion of the energy of 
said reference light signal allowing a transmitted 
portion of said refierence light signal to be modu- 
lated by said pressure sensiUve element, and 

signal processing means forgenerating an 
output related to pressure at said sensing tip and 
where the amplitude of both said returned refer- 
ence and pressure sensith/e light signals are 
used to generate an output related to pressure at 
said sensing tip. 

1 6. Afibre optic pressure sensorsystem according to 
any one of claims 2 to 15, wherein said pressure 
sensing tip indudes a diaphragm positioned be- 
yond said first end of said fitter which is defornv 
able In response to pressure whereby the energy 
of said light signals reflected by said diaphragm 
and returned into said fiber are modulated by said 
pressure. 
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1 7. Af Iber optic pressure sensor system acx^rding to 
Claim 15 wherein said fitter is partiaily transmis- 
sive and partially reflective with respect to each 
wavelength comprising the wavelengths of light 
comprising said reference light signal. s 

1 8. A f it>er optic pressure sensor system according to 
claim 15 or 17 wherein said filter defines a cut-off 
wavelength band defining the wavelength 
wherein said filter transitions between light trans- io 
mission and reflectivity and wherein said refer- 
ence light signal is defined by a band of wave- 
lengths which overlap said cut-off wavelength 
band wherein a portion of said reference light sig- 
nal is reflected by said filter and a portion is trans- is 
mitted through said f Dter. 

19. A fiber optic sensirtg system comprising: 

a plurality of sensors in which a light signal 
inputted into a discrete f it>er for each of said sen- 20 
sors is modulated by an environmental factor and 
is returned along said fiber, 

a mixing means coupled to each of said 
fibers for coupling light signals in said fibers; 

light source means coupled to said mfodng 25 
means for inputting a light signal into each of said 
fit>ere. 

photodetector means coupled to said mfoc- 
Ing means for receh^ng light signals returned 
along said mbdng means from said plural fibers, 30 

nruxJuIation means acting upon each of 
said fibers for controlling the passage of light sig- 
nals along said fibers, and 

controller means for enabling signals gen- 
erated by said photodetector means to be corre- 35 
lated to each one of said sensore. 

20. A fiber optic sensing system according to Oaim 

19 wherein said modulation means periodically 
bloclcs light from traveling along said f ibere. 40 

21. A f it>er optic sensing system according to Claim 

20 wherein said controlier operates said nrxxiula- 
tion means to aDow passage of light through only 

one of said fibers at any time and sequentially al- 45 
lowing light signals to pass through the renrainlng 
of said fibers. 

22. A fibre optic sens^ system according to dalm 

20, wherein said controller causes said modula- so 
tion means to cyclically blodc the passage of light 
through said fibre at distant firequencies. 

23. A fibre optic sensing system according to daim 

19, wherein said nrK>dulation means attenuates 55 
said light signals through said fibre through mi- 
crobend shutters. 



24. A fibre optic sensing system according to daim 
19, wherein said modulation means attenuates 
said light signals through said fibre piezoelectric 
shuttere. 

25. Af ibre optlcsensing system according to any one 
of daims 19 to 24, wherein said environmental 
factor Is pressure. 

26. A fiber optic sensing system comprising: 

a plurality of sensore in which a light signal 
inputted Into a discrete fiber for each of said sen- 
sore is nr»dulated by an envtronmentel factor and 
is returned along said fiber. 

light source means coupled to each of said 
fibere wherein each of said fibers receives the 
same light signal, 

coupling means for coupling said light 
source means to each of said fibere, and 

photodetector means coupled to said fiber 
having indhddual discrete elentente associated 
with each of said fit>ers. 

27. A fiber optic pressure sensor system comprising: 

an optical fiber having a sensing tip at a 
first end with a pressure sensitive element, said 
pressure sensitive element modulating a pres- 
sure sensing light signal injection into the oppo- 
site end of said optical fiber and returning said 
light signal into said fiber, wherein said sensing 
tip defining a sensing side exposed to the envir- 
onment to tie evaluated and having an opposite 
side exposed to a dosed volume of a gas. 

28. Af iber optic pressure sensor system according to 
Claim 27 In which said dosed volume is confined 
to saM sensing tip. 

29. Afit>er optic pressure sensor system according to 
Claim 27 wherein said optical fit>er is endosed 
vrithin a fiber Jadcet, said ^cket defining a passa- 
geway exiting along said fiber and defining a part 
of said sealed volume. 
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